A proposed reaction channel for the synthesis of the superheavy nucleus Z = 1080 
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We apply a statistical-evaporation model (HIVAP) to calculate the cross sections of superheavy 
elements, mainly about actinide targets and compare with some available experimental data. A 
reaction channel "^"Si + ^''"^Am is proposed for the synthesis of the element Z — 109 and the cross 
section is estimated. 

PACS numbers: 25.70.Jj, 24.10.-i, 27.90.-|-b 



The synthesis of superheavy elements always attract 
the attentions of the nuclear physicists and chemists since 
the superheavy island was predicted in 1960. Now it has 
been taken as one of the major research directions in 
main laboratories of nuclear physics around the world. 
So far, the heaviest elements Z = 114 and 116 were syn- 
thesized and identified in Dubna recently 0, Q • Some 
structure and dynamical properties of heavy or super- 
heavy nuclei have been investigated in various aspects 
H ll H H 011 0. However, theoretical efforts on the 
production cross section of superheavy elements are be- 
ing waited for further improvement since most theoretical 
models are not able to predict the credible cross sections 
yet to provide the valid suggestions for the planning of 
experiments, hence the experiments have been performed 
more or less in the empirical ways. 

Nevertheless, it is still interesting to do some semi- 
empirical calculations to explore a possible way to help 
the experimental design. To this end, firstly, we perform 
the systematical calculations and let them agree with the 
experimental data well. Based on the good reproduction 
to some known data, we can make a reasonable extrapola- 
tion for the production cross section of some superheavy 
nuclei. In this paper we would like to explore this pos- 
sibility with help of a statistical-evaporation model, so- 
called HIVAP, so that we can make a believable sugges- 
tion for the experimental proposal in our national labora- 
tory of Heavy Ion Research Facility in Lanzhou (HIRFL) . 

HIVAP is a statistical-evaporation model |lOl 
Il4li | , which assumed that the process of synthesizing 
superheavy nuclei includes two stages: firstly the pro- 
jectile and target nuclei completely fuse to a compound 
nucleus, then the compound nucleus de-excites by fission 
or emitting light particles and 7-rays. The complete cross 
section u{Ecm) is assumed as 



,7=0 



a{E,„,) = ttA^ V (2 J + l)r( J, E,^)P{J, E* 



(1) 



where A is the de Broglie wave length of relative motion 
of the colliding nuclei, Ecn is the energy of center-of- 
mass, E* is the excitation energy. J is the total angular 



momentum quan tum number, the upper limit Jmax is 
obtained by |22|. T{J,Ecm) is the fusion probabilities 
of the Jth partial wave through the Coulomb barrier. 
P{J, Ecm) is the survival probability of the residue evap- 
oration nucleus after the compound nucleus de-excites 
by fission or emitting light particles passes the Coulomb 
barrier and is captured. 

The fusion probabilities T{J, Ecm) is assumed by 0| 



T( J, E,m) = V /(F^)tj(£;c™, V^,) 



(2) 



where /(V^) is a quasi-gaussian fusion barrier distribu- 
tion, tj is the transmission coefficient obtained by WKB 
approximation. The fusion D0tential|l4l| is given by 

Vr = Vcoui - Voexp[1.33{cp + a - R)/b]c (3) 

where Vcoui is the Coulomb potential, Cp and c* are 
the central radii of projectile and target, c = 

CpCt/{cp+Ct), b is the surface diffuseness parameter [lij . 
The in eq.(2) is average barrier which was adjusted 
by a fixed constant Vq (in MeV/fm) ^ in eq.(3). The 
fluctuation around is scaled by a parameter rg. We 
have adopted a Gaussian distribution cut off at both ends 
at To ± taB{ro) , t is a cut-off parameter We use t 
= 3 in our calculation, asiro) is standard deviation of 
ro distribution. 

The level density is an important factor, the progress 
of synthesizing superheavy nucleus can be explained by 
the competition of fusion with a fast fission-like process 
which can be identified with quasi-fission [iSj . Then the 
survival probability of residue evaporation nucleus can 
be expressed using the level densities in the compound 
and equilibrium configurations as p^ : 



P{J,E*) = 



piJ,E*J+p{J,E*J 



(4) 



where p( J, E*„) is the level density of compound config- 
uration and p( J, E*q) is the level density of equilibrium 
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configuration. The level density is 



Uj = E*~Er{J)+Ppa 



pair 



(5) 



Ppair is the pairing correction obtained from experimen- 
tal odd-even mass fluctuations, a is level density param- 
eter, obtained from 



a^a[l + fiE*)Bf''"/E*] 



and 



(6) 



(7) 



f{E*) = l-exp{-E*/Ea), 

in which Ed is the damping energy, and 

a = 0M5A3r^A + O.lSSSr^A^/^ + O.U26roA^/^, (8) 

where Ey{J) is the yrast energy of either the equilib- 
rium configuration (light-particle and 7-emission) or the 
saddle-point configuration (fission), it reads 



(9) 



in which is the moment of inertia. The fission barrier 



is defined by including the liquid drop component {B^ 



and the shell component (_B?'"^"), scaled by a coefficient 



C, 



i.e. 



Bf 



C{B^^ 



ryshell 



(10) 



in equilibrium configuration. 

HIVAP takes into account the competition of 7-ray, 
neutron, proton and a-particle emission with fission using 
angular-momentum and shape-dependent level densities 
and angular-momentum-dependent fission barriers. 

The level densities have been calculated using the well 
known Fermi gas model. The same level density param- 
eters have been used for the fission and neutron emis- 
sion channels (a/ /a„ ~ I). The ar gum ents in support 
of this value were discussed in Ref. |2flj. A phenomeno- 
logical way of the introduction of shell effects into the 
level density calculation according to Ignatyuk , have 
been used in the evaporation channels. The shell damp- 
ing energy Ed is 18.5 MeV. The liquid-drop fission bar- 
rier {Bj^) has been calculated according to the rotat- 
ing charged liquid drop model of Cohen-Plasil-Swiatecki 
[231 ■ The shell component (i?^'''=") of the fission bar- 
rier is equal to the difference between the liquid-drop 
model I23 and experimental masses of the nucleus. 
Light-particle transmission coefficients are obtained us- 
ing WKB approximation. The shell corrections are added 
at the saddle point. 

In Fig.l we use HIVAP model to calculate the fusion 
cross sections for the reaction of ^^O -I- ■^'*^Cm. The 
cross sections for the channels with 3n to 7n emission 
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FIG. 1: Calculated evaporation residue cross sections for ^*0- 
Cni in different xn channels. 



are shown. Generally the energy corresponding to the 
peak of the cross section for a given xn channel increases 
with the number of emitted neutrons, which is consis- 
tent with the excitation extent of the reaction with the 
more neutron emission. In all channels, the maximum 
cross section can be reached for 5n channels. Since ^^O 
+ ^^^Cm is a hot fusion reaction, we take the maximum 
value of cross section at 5n channel to compare with the 
experimental data [2^ l^^, H^l ■ Fig. 2 shows the compar- 
ison. An overall satisfied overlap of the calculations with 
the data was obtained. We listed the experiment data in 
Table I. From the comparison, it looks that this model 
has a good agreement with the data for these reactions. 

So far, we used the HIVAP to fit the experimental data 
very well. Based on this achievement, we would like to 
make some predictions for the synthesizing the elements 
of Z =109. With all the same parameters in the model 
calculation, we calculated some channels for producing 
Z =109 elements and listed the results is in Table II. 
From this table, we found that the channels of ^'^Si -|-243 
Am ^270 Mt + 3n at E = 151 MeV or ^°Si+^*^Am ^^es 
Mt + An at E=161 MeV have a larger cross sections for 
synthesizing the new isotopes of element 109. The cross 
section can reach to ~ 21 pb. 

From the calculation results listed in Table 1 we can 
see the maximum error of our calculations is within 5 
times comparing with the experimental data, so it seems 
that our estimation for cross section should be reason- 
able. Element 109 was produced firstly in cold fusion by 
physicists of the Heavy Ion Research Laboratory, Darm- 
stadt, West Germany using ^^Fe ion bombarding on ^°^Bi 
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TABLE 11: The calculated cross section for synthesizing ele- 
ment 109. 
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FIG. 2: Comparison the calculation results by HIVAP (line) with 
the experimental data (symbols). The different symbols present 
the results from the different works which have been already listed 
in Table I. 



TABLE L The calculation of cross sections for synthesizing 
Z = 103-107 calculate by HIVAP. "*" represent the reaction 
which has been finished in LanZhou (HIRFL) recently but no 
data published yet. The result which calculated by Alice code 
is 1.8nb m. 



channel 


Ehab 




Reference 


HIVAP 




(MeV) 


(nb) 




(nb) 


2«Cm(i»0,5n)2«iRf 


94.2 


< 0.9 


[2ZJ 




248Cm("o,5n)2«iRf 


97 


5 


m 


13 


2«Cm(i«0,5n)2«iRf 


100.4 


*-0-2.0 


[27] 


12 


2«Cm(i«0,5n)2«iRf 


103.9 


1 7+3.3 

J^-'-i.o 


[27] 


4.4 


248Cm(i«0,5n)2«iRf 


91 


8 ± 2 


[30] 


4.2 


2^«Cm(i«0,5n)2«iRf 


94 


13 ± 3 


[^ 


11.3 


248Cm(i»0,5n)2«iRf 


99 


8 ± 2 




15 


24*Pu(22Ne,5n)2"Rf 


114 


4.4 


[28] 


7.8 


244pu(22Ne,5n)2"Rf 


120 


3.8 


[28] 


4.6 


2*8Cm(iSF,5n)2«2p^ 


106 


2 


[29] 




2^«Cm(i9F,5n)2«2Db 


106 


1.3 ± 0.4 




0.67 


248Cm("F,5n)262Db 


106.5 


26+°-^^ 






2«Cm(i5N,5n)258L, 


88 


200 


f32] 


480 


248Cm(i5N,4n)259Lr 


80 


40 


[32] 


169 


249cf(18o,4n)263Sg 


95 


1 


f33] 


2.3 


249cf(i5N,4n)2«''Db 


84 


3.5 


[34] 


13 


2«Am(i«0,5n)2«iLr 


96 


30 


[35] 


149 


2«Bk(i5j^,4n)2«'Rf 


82 


18 


m 


31 


2'*«Bk(i»0,5n)2«p^^ 


99 


6 ± 3 


[37] 


2.1 


24iAm(22Ne,4n)25SDb 


118 


1.6 ± 1.2 


[38] 


2.7 


2«Am(2«Mg,4n)2S5Db 


131 


N/A 


* 


0.097 



Channel 


£^ia6(MeV) 


Cross section (pb) 


^'^^Es (^^Ne,4n) ^^^Mt 


115 


8 


25^Es (22Ne,5n) ^^^Mt 


124 


5 


25^Es (2''Ne,4n) ^^"Mt 


114 


3 


25^Es (2''Ne,5n) ^^^Mt 


120 


3 


2«Bk ('«Mg,4n) ^'"Mt 


137 


9.5 


2«Bk (2''Mg,5n) 2™Mt 


148 


5 


2«Ani (2«Si,4n) ^^^Mt 


155 


3 


2«Am (30Si,4n) ^e^Mt 


161.3 


13 


2«Am (■^°Si,3n) 27°Mt 


151 


21.6 



target. For element 109, the isotopes of ^®*Mt and 
"^^^Mt were already synthesized in GSI ^39! . We sug- 
gest that the channel of ^^Si +'^^'^ Am ^^70 _|_ 3^ qj. 
^^Si -1-243 /^jYi ^269 _|_ 4j.j |-q synthesize new isotopes 
of element 109. '^"Si is a suitable projectile since there 
is 3.1% ^°Si contained in element Si and it is a stable 
nucleus. Considering the present situations of our na- 
tional laboratory in Lanzhou (HIRFL), it is very difficult 
to synthesize the very heavy elements such as above Z = 
112 etc. in the moment, but it is feasible to try to search 
for the element 109 with the proposed reaction channel. 

To recap, the extensive experimental data for the syn- 
thesis of superheavy nuclei have been well reproduced 
in our calculations with help of the HIVAP code. It il- 
lustrates that the statistical-evaporation model can still 
work for the production of superheavy nuclei in a suit- 
able mass region. Within a reasonable extrapolation, we 
propose to use a new channel, i.e. ^^Si +^43 _^270 
Mt + 3n or ^°Si +'^'^^ Am ^^69 j^^ 4^ synthesize 
new isotopes of element 109. 
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